Background/Aims: The long noncoding RNA homeobox (HOX) transcript antisense intergenic RNA (HOTAIR) has been demonstrated to be a vital modulator in the proliferation and metastasis of ovarian cancer cells, but its potential molecular mechanism remains to be elucidated. In the current study, we aimed to uncover the biological role of lncRNA HOTAIR and its underlying regulatory mechanism in the progression and metastasis of ovarian cancer. Methods: HOTAIR expression was detected by quantitative RT-PCR (qRT-PCR) and northern blotting. The SKOV3 ovarian cancer cell line was chosen for the subsequent assays. In addition, the molecular mRNA and protein expression levels were examined by qRT-PCR and western blotting. The competitive endogenous RNA (ceRNA) mechanism was validated by bioinformatics analysis and a dual luciferase reporter gene assay. Results: HOTAIR expression was significantly higher in ovarian carcinoma tissues and cell lines than in the control counterparts. Both CCND1 and CCND2 were downstream targets of miR-206. The inhibition of HOTAIR elevated the expression of miR-206 and inhibited the expression of CCND1 and CCND2. Moreover, CCND1 and CCND2 were highly expressed in ovarian cancer tissues, and their expression was positively correlated with HOTAIR expression. Finally, the functional assays indicated that the anticancer effects of miR-206 could be rescued by the simultaneous overexpression of either CCND1 or CCND2 in ovarian cancer. Conclusion: HOTAIR enhanced CCND1 and CCND2 expression by negatively modulating miR-206 expression and stimulating the proliferation, cell cycle progression, migration and invasion of ovarian cancer cells.
Introduction
Ovarian cancer is one of the three most prevalent gynecological malignant tumors and has the highest mortality rate among all gynecological cancers worldwide [1, 2] . Despite the advancements in surgical, chemotherapeutic and radiotherapeutic treatment, the qRT-PCR Total RNA was isolated from tissues and cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and the mirVana™ miRNA Isolation Kit (Thermo Fisher Scientific) [23] . For mRNA and lncRNA, RNA was reversely transcribed into cDNA using the M-MLV Reverse Transcription Kit (Invitrogen, Carlsbad, CA, USA). The thermal cycling profile was as follows: denaturation for 30 s at 95 °C, annealing for 45 s at 56 °C, and extension for 45 s at 72 °C. Each PCR reaction was carried out for 35 cycles using the ABI 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). RT-PCR analysis was performed with the SYBR Premix Ex Taq TM Kit (TaKaRa, Dalian, China). For the detection of microRNA expression, reverse transcription was performed following the Applied Biosystems TaqMan MicroRNA Assay protocol (Cat. # 442797, Applied Biosystems, Carlsbad, CA, USA). MiRNA expression assays were performed in triplicate using the SYBR PrimeScriptTM miRNA RT-PCR Kit (TaKaRa Biotech). The primer sequences are presented in Table 2 . All the target and reference sequences were amplified in triplicate. The results were normalized to the expression of GAPDH (for lncRNAs and mRNA) or U6 (for miRNAs), and the relative expression levels of the targets were calculated using the 2 −ΔΔCt method.
Northern blot analysis
For all the groups, 20 μg of total RNA was analyzed on a 12% denaturing 12polyacrylamide-urea (7.5 M) gel and was transferred onto a Hybond-N + nylon membrane (Amersham, Freiburg, Germany). The blotted RNA was crosslinked to the membranes under ultraviolet light for 30 s at 1, 200 mJoule/cm 2 . The antisense Starfire probe was incubated with the crosslinked membranes at 37 °C in a shaking oven. The probes were decanted and washed for 15 min. Then, the membranes were exposed for 20-40 h to Kodak XAR-5 films (Eastman Kodak, Rochester, NY, USA). The human U6 snRNA probe was used as a control; its sequence was 5'-GCAGGGGCCATGCTAATCTTCTCTGTATCG-3'. The exposure time for the U6 control probe varied between 15 and 30 min.
Western blot
Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer with protein extraction reagent (Beyotime, Shanghai, China) supplemented with phenylmethanesulfonyl fluoride (PMSF) (Roche, Basel, 
Cell transfection
The small interfering RNA (siRNA) against HOTAIR (siHOTAIR), the scramble negative control siRNA (NC), miR-206 mimic, mimic control, miR-206 inhibitor, inhibitor control, Lenti-vpak packaging system-CCND1, Lenti-vpak packaging system-CCND2 and Lenti-vpak packaging system-oligo were synthesized by GenePharma (Shanghai, China). The Lenti-vpak packaging system-oligo, mimic control and inhibitor control served as negative controls. The relevant sequences were as follows: siHOTAIR: 5'-GCAACCTAAACCAGCAATT-3'; siRNA-control: 5'-GCATCAACAACCGAACATT-3'; miR-206 mimic: F: 5'-UGGAAUGUAAGGAAGUGUGUGG-3' and R: 5'-ACACACUUCCUUACAUUCCAUU-3'; mimic control: F: 5'-UUCUCCGAACGUGUCACGUTT-3' and R: 5'-ACGUGACACGUUCGGAGAATT-3'; miR-206 inhibitor: 5'-CCACACACUUCCUUACAUUCCA-3'; and inhibitor control: 5'-CAGUACUUUUGUGUAGUACAA-3'. Cells in the logarithmic growth phase were harvested 24 h before transfection. The cells were digested in trypsin and maintained in medium for resuspension. The cells were plated in 6-well plates at a density of 1×10 6 cells per well and cultured in an incubator for 24 h at 37 °C in 5% CO 2 until the confluence reached 80-90%. The transfections were performed with Lipofectamine 2000 (Invitrogen, Carlsbad, USA) following the manufacturer's instructions. The medium was replaced with complete medium 6 h after transfection.
MTT assay SKOV3 cells were seeded in a 96-well plate (2×10 3 cells/well) and incubated overnight (37 °C, 5% CO 2 ). Twenty microliters of MTT solution (Sigma, St. Louis, Mo, USA) was added to each well at 5 mg/ml in PBS, and the plates were centrifuged at 150 rpm for 5 min. The cells were cultured for another 5 h, after which the medium was removed. Then, the formazan was resuspended in 200 μl of DMSO and the plates were centrifuged at 150 rpm for 5 min. The optical density at 450 nm was measured using an ELISA reader (Model 680; Bio-Rad, Hercules, CA, USA).
Colony formation assay
After transfection, the medium was removed, and the cells were rinsed with 10 ml of PBS. Four milliliters of 0.25% trypsin was added to the cells, which were incubated at 37 °C for 2-5 min until they appeared round. The cells were then resuspended in 10 ml of medium supplemented with 10% FBS. The cell number was counted using a hemocytometer. A total of 500 cells was seeded into each 6-cm dish. After continuous culture for approximately 2 weeks until the cells in the control plates formed appropriately sized colonies (a minimum of 50 cells/colony), the medium was discarded and the cells were rinsed with 10 ml of PBS. The cells were fixed with 4% paraformaldehyde for 5 min at room temperature. Subsequently, a 0.1% crystal violet solution was incubated with the cells for 2 h at room temperature, and the cells were then separated by pipetting in 10 ml of medium supplemented with 10% FBS. The crystal violet was carefully rinsed off with tap water, and the dishes were air-dried on a table cover at room temperature for up to a few days. Colony numbers were counted using a stereomicroscope (Nikon Eclipse TS100, Tokyo, Japan).
Flow cytometry
After transfection, cells were harvested, washed in PBS, and fixed in 75% cold ethanol for 1 h. After being washed twice with PBS, the cells were centrifuged at 850 g, and the supernatant was removed. The cells were treated with 50 μl of RNase to ensure that only DNA was stained. The cells were supplemented with 400 μL of propidium iodide (PI) (50 μg/ml) and incubated at 37 °C for 30 min in the dark in accordance with the Cell Cycle Analysis Kit (Biyuntian, Jiangsu, China) protocol. The fraction of cells in the G0/G1, S and G2/M phases was obtained using a flow cytometer (FACS Calibur, BD Biosciences, San Jose, CA, USA).
Wound healing assay
A wound healing assay was performed to assess cell migration. SKOV3 cells were cultured at a density of 1.0×10 6 cells/well in 6-well plates and grown to a fully confluent monolayer. After 6 h of serum starvation, the cell monolayer was carefully scraped with a sterile pipette tip across the center of each well to create a wound (scratch) and then washed twice with phosphate-buffered saline (PBS) to remove detached cells from the plates. The cells were then cultured in RPMI-1640 medium supplemented with 0.5% FBS in a humidified atmosphere of 5% CO 2 at 37 °C. After 24 h, the medium was replaced with PBS, and the wound gap was observed. The wound healing area was evaluated at 0 h and 24 h after wounding and was imaged with a microscope. The gap distance of each monolayer was quantitatively evaluated using ImageJ. Five random views of each well were documented, and each experiment was repeated a minimum of three times.
Cell invasion assay ECM gel (E1270-5ML, Sigma-Aldrich, St. Louis, MO, USA) was diluted in ice-cold, serum-free DMEM to a final protein concentration of 2 mg/ml and was then added into the upper compartment of a Transwell insert with an 8.0 μm pore size polycarbonate membrane (Corning, Corning, NY, USA). The Transwell plate (lower compartment) and ECM gel were incubated at 37 °C for 2 h. After PBS washing and trypsin treatment, the cells were washed and resuspended in DMEM at 5×10 5 cells/ml. The cells (5×10 5 cell/ml) were supplemented and cultured at 37 °C for 24 h. After the incubation period, the insert was carefully removed. The cells and ECM gel in the upper compartment of the insert were removed, whereas the cells on the lower side of the insert membrane were fixed with 5% glutaraldehyde for 10 min and stained with 1% crystal violet in 2% ethanol for r 20 min. Excess crystal violet dye was removed by immersing the insert in ddH 2 O for 3-4 s. The insert was dried completely, and the number of cells on the lower side of the membrane was counted under a microscope. A small number of randomly chosen fields was used to obtain the cell count. The average cell number was documented.
Luciferase reporter assay
For screening the targeting between HOTAIR and miRNA, we cloned the full-length (2370 bp) lncRNA HOTAIR transcript into a pmirGLO dual-luciferase miRNA target expression vector. The recombinant plasmid was then transfected to four groups of SKOV3 cells, which were pretreated with four different kinds of miRNA mimics (miR-92-5p, miR-106b-5p, miR-206 or miR-326 mimics). The oligo control was used as a negative control. For further experiments, a HOTAIR fragment (310 bp) containing the targeted miR-206 binding site was amplified and cloned into a pmirGLO dual-luciferase miRNA target expression vector (Promega, Mannheim, Germany) to create the wild-type HOTAIR reporter vector (HOTAIR-Wt). The putative binding site sequence was substituted to produce the mutated HOTAIR vector (HOTAIR-Mut). The sequence of the HOTAIR fragment is as follows:
"TCCTCCTGCTATTAAGATTGCTAGAGAATTGTGTCTTAAACAG TTCATGAACCCAGAAGAATGCAATTTCAATGTATTTAGTAC ACACACAGTATGTATATAAACACAACTCACAGAATATATTTTCC ATACATTGGGTAGGTATGCACTTTGTGTATATATAATAATG TATTTTCCATGCAGTTTTAAAATGTAGATATATTAATATCTGGA TGCATTTTCTGTGCACTGGTTTTATATGCCTTATGGAGTAT ATACTCACATGTAGCTAAATAGACTCAGGACTGCACATTCCTTGT GTAGGTTGTGTGTGTGTGGTGGTTTTATGCATAAATAAAG TTTTACATGTGGTGAATATAAA". The wild-type and mutated vectors for CCND1 and CCND2 were created in a similar fashion. Then, the vectors and the miR-206 mimics or mimic controls were cotransfected into SKOV3 cells, and the dual luciferase reporter assay system (Promega) was used to test luciferase activity.
Statistical analysis and bioinformatics methods
Statistical analyses were carried out with the SPSS 20.0 software (IBM, SPSS, Chicago, IL, USA). Data were manifested as the mean ± SD. One-way analysis of variance (ANOVA) or two-tailed Student's t-test was applied to determine the group differences. P < 0.05 was considered statistically significant. HOTAIR's potential miRNA binding sites were predicted by a computer-aided algorithm from Segal Lab (http://132.77.150.113/pubs/mir07/mir07_prediction.html), RegRNA (http://regrna.mbc.nctu.edu.tw/ html/prediction.html) and the microRNA.org-target program (www.microRNA.org).
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry Fig. 1A shows that HOTAIR expression was significantly higher in ovarian carcinoma tissues than it was in the corresponding paracarcinoma tissues. Compared with the HOSEpiC cell line, the ovarian carcinoma cell lines, especially the SKOV3 cell line, showed significantly higher HOTAIR expression (Fig. 1B) . Similarly, the northern blot analysis demonstrated that the HOTAIR hybridization signal was stronger in ovarian carcinoma tissues and cell lines than in fresh nontumor specimens and the normal ovarian epithelial cell line (Fig. 1C, 1D) .
Results

HOTAIR was overexpressed in ovarian carcinoma tissues and cell lines
Inhibition of HOTAIR reduced cell viability, proliferation, migration and invasion
After transfection with siHOTAIR, HOTAIR expression in the siHOTAIR-treated group was lower than that in the empty vector (Mock) group and the NC group. Expression was detected by qRT-PCR and northern blotting ( Fig. 2A) . Next, the MTT assay result showed that the downregulation of HOTAIR significantly inhibited SKOV3 cell proliferation in a timedependent manner (Fig. 2B) . The number of colonies formed by SKOV3 cells treated with siHOTAIR was significantly less than that of the NC or Mock groups (Fig. 2C) , indicating that the downregulation of HOTAIR expression could inhibit ovarian cancer cell proliferation. Furthermore, the depletion of HOTAIR in SKOV3 cells increased the fraction of cells in the G0/G1 phase and decreased the fraction of cells in the S and G2/M phases (Fig. 2D) . As shown in Fig. 2E -F, siHOTAIR transfection clearly stimulated SKOV3 cell migration and invasion by approximately 40%.
HOTAIR targeted miR-206, which targeted CCND1 and CCND2
The luciferase reporter vector scheme is shown in Fig. 3A . The HOTAIR binding sites on miR-92-5p, miR-106b-5p, miR-206 and miR-326 are also shown. The relative luciferase activities in the different groups suggested that HOTAIR significantly suppressed miR-206 expression (Fig. 3B) . The miR-373 group was used as the positive control [17] . We confirmed that HOTAIR directly targeted miR-206 (Fig. 3C-D) . We detected the expression levels of Fig. 4 . We found that the CCND1 and CCND2 expression levels were significantly higher in the ovarian cancer tissues than in the normal tissues (Fig. 4A-B) . Therefore, we chose CCND1 and CCND2 as our genes to be further studied. Additionally, we confirmed that miR-206 directly targeted the CCND1 3' UTR and the CCND2 3' UTR ( Fig. 3C-D) . As shown in Fig. 3E -G, HOTAIR knockdown sharply enhanced the expression of miR-206 but repressed the expression of CCND1/CCND2 mRNA and protein.
The miR-206 inhibitor had no effect on the HOTAIR expression level but markedly increased the CCND1/CCND2 mRNA and protein expression levels ( Fig. 3H-J) .
The correlation between CCND1/CCND2 expression and HOTAIR expression in ovarian cancer tissues
The results illustrated that high HOTAIR expression was positively correlated with histological grade, FIGO stage and metastasis (Table 1) and that high CCND2 expression was positively associated with FIGO stage in ovarian cancer. As shown in Fig. 4A and 4B, CCND1 and CCND2 were more highly expressed in the ovarian cancer tissues than in the normal tissues. The expression levels of CCND1 and CCND2 were positively correlated with the HOTAIR expression level in ovarian cancer tissues (Fig. 4M-N) .
Overexpression of miR-206 inhibited the proliferation, migration and invasion of ovarian cancer cells, whereas CCND1 and CCND2 upregulation abolished the inhibition
MiR-206 overexpression in SKOV3 cells exerted a significant silencing effect on CCND1 and CCND2 expression, whereas upregulation of CCND1 or CCND2 had no obvious influence on miR-206 expression (Fig. 5A-D) . As shown in Fig. 5E -F, both cell viability and colony formation capacity were decreased in SKOV3 cells after transfection with miR-206. In contrast, cell viability and colony formation ability were increased in SKOV3 cells transfected with CCND1 and CCND2 overexpression group compared with NC group. In addition, cotreatment with miR-206 and either CCND1 or CCND2 restored the miR-206 mimic-induced repression of cell proliferation and colony formation. Furthermore, the cell cycle analysis demonstrated that the overexpression of miR-206 led to cell cycle arrest at the G0/G1 phase. In contrast, CCND1 or CCND2 overexpression significantly promoted cell cycle arrest in the S and G2/M phases. Cotransfection with miR-206 and either CCND1 or CCND2 restored the miR-206 mimic-induced acceleration of G0/G1 phase transition (Fig. 5G) . Moreover, as shown in Fig.  6 , aberrant upregulation of miR-206 dramatically inhibited not only cell migration but also cell invasion, and these effects were neutralized by the transfection of the CCND1 or CCND2 overexpression vectors.
Discussion
In the present study, it was found that HOTAIR was overexpressed in ovarian cancer tissues and cell lines and that this overexpression promoted cancer cell activity and metastasis by targeting miR-206, therefore increasing the expression of CCND1 and CCND2. Our study not only discovered the HOTAIR/miR-206/CCND1/CCND2 regulatory network in ovarian cancer pathogenesis but also shed light on new strategies for ovarian cancer therapy.
LncRNA HOTAIR resides at the HOXC locus and has been reported to be upregulated in many types of cancers [24] [25] [26] [27] [28] [29] . For instance, Xia et al. reported that HOTAIR can promote metastasis in renal cell carcinoma by upregulating the histone demethylase JMJD3 [30] . In addition, a meta-analysis highlighted that HOTAIR was overexpressed in cancer tissues and actively participated in cancer occurrence and development [31] . Consistent with these findings, our study also found that HOTAIR expression was significantly enhanced in ovarian cancer and that its depletion suppressed ovarian cancer cell aggressiveness; this result was also in agreement with recent evidence that highly expressed HOTAIR was connected with Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry 
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry ovarian carcinoma cell proliferation and metastasis [17] . In addition, in our study, HOTAIR overexpression was found to be positively correlated with advanced histological grade, FIGO stage and extensive metastasis, indicating that HOTAIR was an excellent biomarker for the prognosis of ovarian cancer and that the downregulation of HOTAIR may arrest tumor progression and inhibit the metastatic phenotype. Currently, the lncRNA-miRNA-mRNA regulatory network is widely recognized; in this network, lncRNA acts as a natural miRNA sponge (ceRNA) to sponge miRNAs, thus decreasing the expression of miRNA targets and affecting posttranscriptional regulation [32] . For example, it is reported that lncRNA PTENP1 functioned as a ceRNA to modulate PTEN levels by decoying miR-106b and miR-93 in gastric cancer [33] . Similarly, Wang et al. found that lncRNA TUG1 promotes migration and invasion by acting as a ceRNA of miR-335-5p in osteosarcoma cells [34] . In addition, lncRNA TUG1 has been revealed to stimulate human 
Cellular Physiology and Biochemistry osteosarcoma tumorigenesis by sponging miR-9-5p and influencing POU2F1 expression [35] . Therefore, we hypothesized that lncRNA HOTAIR might function as a ceRNA in ovarian cancer. HOTAIR was directly associated with the putative miR-206 miRNA response element, thereby downregulating CCND1 or CCND2 expression. The above results suggested that HOTAIR positively modulated the expression of CCND1 and CCND2 through suppressing miR-206. CCND1 and CCND2 belong to the D-type cyclin family, which is commonly regarded as a human cancer promoter. The elevation of CCND1 and CCND2 expression was associated with cancer metastasis [18, 19, 36] . The research performed by the Delmer group demonstrated that CCND2 was overexpressed in chronic B cell malignancies [37] . Additionally, a metaanalysis of observational studies verified that CCND1 was upregulated in colorectal cancer and was associated with poor clinical outcome, TNM staging and metastasis [38] . Similar to previous studies, our study also discovered that the levels of both CCND1 and CCND2 were high and were positively correlated with the HOTAIR level in ovarian cancer. Thus, we speculated that the downregulation of CCND1/CCND2 might be a novel ovarian cancer therapy target, and we did find that CCND1/CCND2 inhibition resulted in decreased cancer cell proliferation as well as migration, whereas the overexpression of CCND1/CCND2 resulted in enhanced proliferation and metastasis.
However, limitations still exist in this study. First, it is certain that other lncRNAs exist that serve as ceRNAs to regulate the expression of crucial genes in ovarian cancer progression. Second, HOTAIR can simultaneously bind to a large number of miRNAs, some of which can also affect the development of ovarian cancer. Indeed, neutralization of miR-206 did not positively affect the levels of HOTAIR expression but did increase the levels of CCND1 and CCND2 expression. Additionally, in vivo experiments are required in further studies to confirm the role of the HOTAIR-miR-206-CCND1/CCND2 network in ovarian cancer.
In the study, HOTAIR positively stimulated CCND1 and CCND2 expression by negatively modulating miR-206 expression through a ceRNA regulatory network, thereby promoting ovarian cancer cell proliferation, cell cycle progression, migration and invasion.
Conclusion
In summary, this study highlighted that HOTAIR, as an oncogene, exerted a crucial role in the proliferation, metastasis and invasion of ovarian cancer cells. In addition, a novel HOTAIR-miR-206-CCND1/CCND2 pathway regulatory axis, in which HOTAIR enhanced CCND1 and CCND2 expression by directly suppressing miR-206, was revealed to be involved in promoting ovarian tumorigenesis. Finally, our study suggested that targeting the HOTAIRmiR-206-CCND1/CCND2 pathway might present a novel therapeutic viewpoint and offer a better understanding of the pathogenesis and development of ovarian cancer.
